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This paper presents the development of anumerical code for simulating unsteady
dusty-gas flows including shock and rarefaction waves. The numerica results ob-
tained for ashock tube problem are used for validating the accuracy and performance
of the code. The code is then extended for simulating two-dimensional problems.
Since the interactions between the gas and particle phases are calculated with the
operator splitting technique, we can choose numerical schemes independently for
the different phases. A semi-anaytical method is developed for the dust phase,
while the TVD scheme of Harten and Yee is chosen for the gas phase. Through-
out this study, computations are carried out on SGI Origin2000, a parallel computer
with multiple of RISC based processors. The efficient use of the parallel computer
system is an important issue and the code implementation on Origin2000 is also
described. Flow profiles of both the gas and solid particles behind the steady shock
waveare cal cul ated by integrating the steady conservation equations. Thegood agree-
ment between the pseudo-stationary solutions and those from the current numerical
code validates the numerical approach and the actual coding. The pseudo-stationary
shock profiles can also be used as initia conditions of unsteady multidimensional
simulations.  © 2002 Elsevier Science (USA)

Key Words: dusty gas, shock wave; CFD; pseudo-stationary flows; parallél
programming.

1. INTRODUCTION

The flow of a dusty gas, a gas containing a large number of small solid particles, is
significantly different from that of a pure gas when the mass concentration of the particleis
comparableto that of the pure gas. The differenceis caused by the relaxation effectsarising
from the exchanges of momentum and heat between the gas and particles. The transition
region in dusty gasestypically is orders of magnitude thicker than that caused by viscosity
and heat conduction in a pure gas and forms an example of noneguilibrium phenomena.
Many researchers worked on the subject from many different aspects of the problem in
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1970s and 1980s. The shock wave propagation in a dusty gas is studied experimentally
by the use of vertical shock tubes [12, 14, 18]. While various analytical and numerical
techniques were devel oped to study how the shock wave structure changes with timein the
dusty-gas shock tube. Otterman developed a numerical code adapting the particle-in-cell
(PIC) method and investigated the dependence of numerical results on the models of drag
and heat transfer between gas and particle phases [11]. In 1980s Miura and Glass created a
one-dimensional numerical code using the random choice method (RCM) and published a
seriesof papers[5-8] ontheir numerical and analytical results. Their numerical results show
flow discontinuitieswithout numerical diffusion, which isthe unique feature of RCM. Asa
conseguence, they could clearly distinguish a shock front from the nonequiliblium region
behind it. Miuraand Glass also carried out analytical studies on two-dimensional problems
of supersonic steady flowsin adusty gas[9, 10]. In most analytical and numerical studies of
the dusty-gas flows, solid particles are assumed to be perfect spheres with a constant diam-
eter. Thisisonly an approximation for shock-tube experiments. The assumption of uniform
particle concentration is another assumption that is difficult to achieve in experiments. As
aresult, although comparisons among experimental, analytical and numerical studies were
not so direct, the basic shock wave behavior in dusty gases, specially for one-dimensional
problems, is quite well understood.

Recently, applications of dusty-gas flow studies to industrial and environmental issues
have drawn attention. Serious studies for developing a system of removing dust particles
from semiconductor wafers by using shock waves and nonstationary gasdynamic wave
systemsare examplesof industrial applications[17]. Thework of producing accurate hazard
maps for volcanic eruptions is an important and urgent task since many people live quite
close to active volcanos in Japan [21]. We have been working on producing hazard maps
for these volcanos in Japan [15, 16]. Some of the volcanic disasters are strongly related
to dusty-gas flows. The three-dimensional numerical simulations of dusty-gas flows with
real terrain will provide us with much useful information in establishing better and more
accurate safety measures.

The objective of the present study is to extend the previous work of Miura and Glass by
developing a time-dependent multidimensional numerical code. The interactions between
thegasand particle phasesare cal culated with the operator splitting technique. Therefore, we
can choose numerical schemes for the different phases independently. In order to calculate
the particle phase, we adapted a semi-analytical method combining the linear reconstruc-
tion of primitive variables in the numerical cell and an appropriate limiter for eliminating
nonphysical numerical oscillations. All numerical resultsin this paper are obtained by using
the Harten—Yee TV D scheme for the gas phase just because it is widely accepted and has
been applied to many practical problems.

We constructed a vertical shock tube for carring out dusty-gas flow experiments at the
Shock Wave Research Center (SWRC), Institute of Fluid Science, Tohoku University. This
shock tube has a 1 m long observation window so that the whole relaxation region can
be visualized at once. The experimental facility and the numerical code developed in the
present study are useful tools in the investigation of complex shock wave phenomenain a
dusty gas.

In what follows, a numerical code for simulating one-dimensional dusty-gas flows is
introduced first. Theresults are compared with shock structures cal culated from the pseudo-
stationary analysis. The extension of the code to two-dimensional problems follows. The
performance of anumerical code becomesincreasingly important asthe size of computation
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becomes large. Throughout this study, computations are carried out on SGI Origin2000,
a parallel computer with multiple RISC-based processors. The description of a parallel
programing method, aimed at large three-dimensional cal culationsthat are necessary for the
af orementioned practical applications, isalso provided. Discussionsare madeat appropriate
places and a summary comes at the end.

2. NUMERICAL SCHEME OF ONE-DIMENSIONAL DUSTY-GASFLOWS

Ingeneral, and also in this study, the following assumptions are made: (1) the gasfollows
the perfect-gas law; (2) the particles do not collide with each other so that they do not
contribute to the pressure; (3) the shape of particlesis spherical with a constant diameter;
(4) the particlesareinert; (5) the gravitational forceisnegligible; (6) the volumeoccupied by
particlesis negligible compared to that of gas; (7) the viscous and heat-conduction effects
take place only between the gas and particles. In this section, the numerical method for
calculating one-dimensional dusty-gas flows developed in the current study is described in
detail.

2.1. Basic Equations

Under the previously made assumptions, the solid particles can be treated collectively
as a continuum. Therefore, the dusty-gas flows are described by the conservation laws of
mass, momentum, and total energy of both the gas and particles[8],
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where E and Q2 are the total energies of the gas and particles, respectively, per unit volume
and are expressed as

1 1
E=p<CUT+2u2>, Q=a<cm®+2u§).

The symbols p, p, T, u are the density, pressure, temperature, and flow velocity of the gas.
The parameters of dust particles are denoted by the symbols o, ®, and ug corresponding
tothemass concentration, temperature, and vel ocity. Furthermore, misthemassof aparticle,
D thedragforceactingonaparticle, and Q therate of heat transfer to aparticle. Thesymbols
C, and C,, are the specific heat of the gas at constant volume and the specific heat of the
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solid particle, respectively. The thermally perfect equation of state for the gasis given by
p=pRT, (7

where R is the gas constant. The drag force D and the heat transfer rate Q are written in
terms of the drag coefficient C4 and the Nusselt number N, which are expressed as

1
D = Zd’p(u = ug)lu - ualC, ®)
Q = 7duCpPH(T — O)N,, 9)

whered istheparticlediameter and C, isthespecific heat of thegas at constant pressure. The
drag coefficient and the Nusselt number depend on the particle Reynolds number, Re, as[1]

Cy = 0.46 4 28R % (10)
and
Ny = 2.0+ 0.6PRE. (1)
The particle Reynolds number R is defined as
Re = pd|u — ug|/m. (12)

The viscosity and the thermal conductivity of the gas are assumed to vary only with the
temperature. For air, that is used as the test gas in this paper, we assume the following
formulataken from the reference [1]

n=171x10">(T/273)%"" N x s/m?, (13)
and the Prandtl number is assumed to be a constant,

P = 0.75. (14)

2.2. Interaction between Gas and Particle Phases

The interaction between the gas and particlesis caused by the drag and heat conduction
between them, which is expressed as the inhomogeneous terms of the basic equations. In
the present numerical code, the terms are treated separately from the flow calculations of
the gas and dust particles using the operator splitting. At each time step, the following split
equations

%(pu) - -2 (15)
‘jT'f = -ZwD+ Q). (16)
%(ouw = ZD. (17)
& T wp+ Q) (18)
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are solved in order to take the interactions into account. Then the flow calculations are
carried out for the gas and dust particlesindependently solving homogeneous conservation
equations that correspond to Egs. (1) to (6). We tried several time integration schemes for
Egs. (15) to (18), such asthe first-order Euler scheme and different orders of Runge—Kutta
methods. We found no significant differences in the solutions among them, and decided to
use the second-order Runge—K uttamethod in order to be consistent with the accuracy of the
numerical scheme for the gas and dust phases. It is worthwhile mentioning that, since the
interaction between the gas and dust particlesisincluded only in theinhomogeneousterms,
the flow calculations for the gas and the dust particles are independent of each other. This
enables us to develop numerical schemes separately for the two different phases, and we
can try different combinations of them.

2.3. Flow Calculation of Gas Phase

The numerical code calculates the gas flow with afinite volume method. The numerical
fluxes are obtained using the upwind TVD scheme of Harten [3] and Yee [22] together
with Roe's approximate Riemann solver [13]. The scheme is second-order accurate both
in space and time in the region where solutions are smooth. The numerical schemeis one
of the most popular shock capturing schemes and its details are not repeated here. It is
worthwhile mentioning, though, that the scheme has relatively high computational speed
with reasonabl e robustness. Thisisimportant for multidimensional simulations of practical
problems, especially for three-dimensional problems even with access to high performance
computers.

2.4. Numerical Scheme for Dust Phase

We calculate theflow of the solid particles using afinite volume method that is consistent
with the scheme used for the gas phase. The motion of dust particlesis calculated conser-
vatively by specifying the numerical fluxes of dust particles at the cell interfaces. Denoting
the primitive dust parameterso, ug, and ® symbolically by g, theinitial datareconstruction
between cell centersis made as

A
4%, 0) = X+, (19

where g° is the value of g at the cell interface x = 0 at the beginning of each time step.
Asisusua for one-dimensional cases, if the cells are uniform, the value g° is simply the
average of cell valuesto the right and left of an interface. For nonuniform cells, denoting
the distances from an interface to its left and right cell centers by dl and dr, respectively,
itis given by the formula

o

dr xq +dl x g

= Ax =dl +d 20
Ax , AX +dr, (20)

where g and g, are the cell-center values of g to the left and right of a cell interface,
respectively. With the linear interpolations of dust parameters Eq. (19), their values at the
interface are explicitly obtained from the basic conservation equations Egs. (4) to (6) in
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FIG.1. Numerica instability in the dust—particle concentration.
terms of the gradients Aug/AX, A®/AX, and Ac/AXx asfollows:

Ug = ug, (21)
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The time averaged numerical fluxes at the cell interface are readily obtained by substi-
tuting the timet with one-half of thetime step At/2.

The dust solutions cal culated with thisscheme alone are unstable. Thisisdemonstratedin
Fig. 1 with a dusty-gas shock tube problem. It is seen that the dust concentration oscillates
in the region where its value changes rapidly as indicated by a circle in the figure. The
oscillation grows in time and the solutions eventually diverge. This phenomena s similar
to the instabilities observed in the gas phase solutions in the areas around large parameter
changes when higher-order numerical schemes are used.

In this study, the instability is avoided by limiting the slopes of the reconstructed param-
eters that appear in Egs. (21) to (23). We used the minmod function as the limiter that is
expressed as

Aq = Ag_3 x max(0, min(L., (Agi,1)/(Ag_1))), (24)
where
AGy: =Giy1— G, AG_1=0 —Gi1

Asbefore, the symbol q representsany one of the dust parameterso, ug, or ®. Thenonphys-
ical numerical oscillations do not appear with the slope limiter function. With the analogy
to the numerical instability in pure-gas cases, we expect that the minmod limiter resultsin
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TABLE |
Initial Conditions for Dusty-Gas Shock Tube Simulations

Driver section  Driven section

Pressure (P/ Pret) 10.0 1.0
Gas density (0] Pret) 10.0 1.0
Particle concentration  (o/pre) 0.0001 1.0
Gas velocity (U/Urer) 0.0 0.0
Dust velocity (Ug/Uret) 0.0 0.0

relatively smeared solutions but with higher stability. Although the investigation of other
limiter functions, such as the superbee limiter function, is an interesting subject, we did not
carry out further studies on the subject.

2.5. One-Dimensional Numerical Results and Discussions

A shock tube experiment with adusty gaswas simulated with the current numerical code.
Theinitial conditions arelisted in Table I. The gasin both the driver section and the driven
section is air with y = 1.4 at room temperature. The symbols pre, poref, @nd Uy are the
reference values. They are taken to be equal to the respective values for the initial state of
the driven section (indicated by the subscript 1). It is also assumed that the ratio of specific
heats of the two phases

is unity. Furthermore, we define the ratio of mass concentration in the reference state as

o = Oyef / Pref- (26)

In the present study, « is also assumed to be unity. The particle diameter d and the mass of
aparticle m are also important parameters for the numerical simulations and experiments.
A characteristic quantity with the dimension of length, I, is deduced in the process of
normalizing the basic equations as

8m 30
= 8m 3894 30y 27
7 prefd? 4 prer 401 @)
Wetakel asthelength scaleand r = | /u,¢ asthe time scale. Denoting the frozen speed of
sound in the reference state as as ref, the reference velocity is obtained as

af re \/ﬁ \ﬁ 28)

With this definition of reference velocity, we normalize the pressure and concentration of
the gas and solid particles by p; and p;.

The distributions of flow variables at five normalized time units after the diaphragm
rupture (r = 5) are shown in Fig. 2. The plots of corresponding parameters for the pure-
gas case with y = 1.4 are also shown in the figure with thin solid lines for comparison.
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FIG. 2. Numerical results of dusty-gas shock tube problem at normalized time r = 5.

Usually, in experiments, dust particles are not introduced in the driver section. In the cur-
rent study, however, an extremely small initial value is assigned for the value of particle
concentration in the driver section, as shown in Table |. The value is so chosen that it is
considered to be negligible compared with that in the driven section. The cell number is
one thousand for the total tube length of 100 characteristic lengths, i.e.,, Ax = 0.1. The
flux limiter for calculations of the gas phase is aso the minmod function throughout this
study.

Since particles cannot follow any abrupt changes due to large mass, the particle concen-
tration slowly increases behind the frozen shock front until it reaches the maximum and
then drops behind the contact surface. The effect of large particle inertiais aso seen in
the velocity profile. It is known that the shock waves in dusty gases can be either fully
dispersed or partially dispersed depending on whether the propagation speed of the shock
wave exceeds the frozen speed of sound [7, 8]. The present case is in the partialy dis-
persed shock wave regime. The shock profiles in the gas consists of a sharp frozen shock
wave front that appear as abrupt parameter changes and a region where those parameters
gradually increase. The gas loses energy due to interactions with particles and the shock
front is decelerated. Thisis noticeable in the figure by comparing the shock wave position
with that for the pure gas. The deceleration of the shock wave front induces compression
waves behind the shock front and the pressure increases to a higher value than that of the
pure-gas case. The rarefaction wave, as a result, is reduced and the temperature does not
decrease so much as in the pure-gas case. At the time ¢t = 5, the gas and particles have
not yet reached equilibrium. The numerical results at later times r = 10 and © = 30 are
shown in Figs. 3 and 4, respectively. It is seen from the velocity and temperature profiles
in Fig. 3 that the two phases become almost in equilibrium at the contact surface. The fully
developed equilibrium regions are seenin Fig. 4.
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FIG. 3. Numerical results of dusty-gas shock tube problem at normalized time r = 10.

2.6. Pseudo-stationary Analysis

After the two phases become in equilibrium, the shock wave velocity becomes constant.
Then the transition region, behind the shock front to the equilibrium region, becomes the
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FIG.4. Numerical results of dusty-gas shock tube problem at normalized time = = 30.
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pseudo-stationary solution. Here, the numerically obtained shock structureswith the current
numerical code are compared with the analytically obtained pseudo-stationary solutions
as one of the code validations. The time-dependent basic equations for conservation laws,
Egs. (1) to (6), become, after Galilean transf ormation and some mani pul ations, thefollowing

form:
d
&(PU) =0,
d
&(Uud) =0,

d
—(pU? +ouf+p) =0,

dx
d 1 1
i (pu(CpT + Eu2) +av(Cm® + Eu§>) =0,
dug _ D
dx ~ mug’
de Q

(29)

(30)

(31)

(32)

(33)

(34)

I ntegrating these equationstogether with the equation of state, Eq. (7), weobtain the pseudo-
stationary shock wave profiles. Any standard numerical method would do the numerical
integration and, here, we used the fourth-order Runge—K utta method. The numerical results
obtained by the numerical code developed in the previous sections are compared with the

pseudo-steady solutionsin Fig. 5.
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FIG.5. Comparison of shock wave structure: Resultsfrom the current time-dependent numerical code (broken

lines); pseudo-stationary solutions (solid lines).
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The comparison was made for the shock wave with the propagation speed of Mach 1.35,
whichisobtained in the dusty-gas shock tubewith the sameinitial conditionsasthe previous
shock tube case except the pressure and density ratiosincreased to 20. The agreement of the
profiles calculated with present numerical code with pseudo-stationary solutions is quite
good.

Figures3to5also provide uswith useful information about the size of the nonequilibrium
region. It isfound that the region extends about 15 timesthe characteristic lengthl. If crown
glass (2,500 kg/mq) particles of 10 um diameter are used, the characteristic length becomes
2.7 cm and the nonequilibrium region extends about 40 cm behind the frozen shock front.

3. EXTENSION TO MULTIDIMENSIONAL FLOWS

The extension of the one-dimensional code described in the previous sectionsto multidi-
mensional flow problemsis straightforward. Here we describe it for two-dimensional (2D)
case. The code optimization is also considered since it is an important issue for large-scale
multidimensional calculations.

3.1. Basic Equations

The basic equations for two-dimensional flows are

z—f + %(pu) + ;—y(pv) =0, (35)

%(pu) + %(pu2 +p)+ aa—y(va) = —%Dxa (36)
%(pv) + aa—x(puw + aiy(,ov2 +p) = —% Dy. (37
%+%{u(E+p)}+;—y{v(E+ p)}=—%(ude+vdDy+Q)’ (38)
%—‘t’ + ;—X(oud) + %(ovd) =0, (39)

%(Uud) + %(auﬁ) + aiy(audvd) = %Dx, (40)
%(ovd) + %(oudvd) + (%(ové‘) = 2D, (41)
Bt k) + 0 = SWDF Dy + QL (@)

where E and Q2 are again the total energies per unit volume for the gas and particles,
respectively, and for two-dimensional flows, expressed as

1 1
E= p{ch + é(u2+u2)}, Q= a{cm@) + E(ug +v§)}.

The symbols v and vy are the velocities of the gas and dust particles, respectively, in the
y-direction. Furthermore, Dy and Dy are the drag-force elements acting on a particle in the
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x- and y-directions given as
1, 1 2
Dy = gmd®p(U—Ug)lu—UglCa, Dy = gad®p(v —vg)lv —valCa. (43

Notionsof other parametersarethe samefor theone-dimensional case. Thethermally perfect
equation of state for the gasisalready given in Eq. (7). Corresponding to the extention, the
expression of Nusselt number is unchanged but the particle Reynolds number is modified
to

Re = pdv/(U — Ug)2 + (v — v9)2/ 1. (44)

3.2. Strategy of Extension to Multidimensional Flows

Strang type operator splitting [19] is widely used for extending the one-dimensional
code to multidimensional one. We use the method for calculating the set of homogeneous
equations corresponding to the basic equations Egs. (35) to (42) both for the gasand particle
phases. Asin one-dimensional code, the inhomogeneous terms representing the effects of
drag and heat conduction are also treated by operator splitting. The operator splitting is a
well-accepted numerical technique and is described in [20], for example.

3.3. Numerical Scheme for Particle Flows

The distribution functions of dust parameters are defined in the same way as in the

one-dimensional case,
Aq

s,00= —s+¢° 45

q(s.0) = —-s+d’. (45)

where s is the distance measured in the normal direction of a cell interface for which the

numerical fluxesare evaluated. Theterm g° istheinitial valueof g at s = O and isexpressed

as

qo_dr><q|+dl><qr

As=dl +dr. 4
As , As=dl +dr (46)

When we substitute these into the basic equations Egs. (39) to (42), the expressions result
for the solutions at the cell interface

1
o= — > e, (47)
I (T
- 1 Alig\ .o AVg\ ., ~0
o= a4 (3e) - (Ge) ) ) “e)
1 Alyg A®qg\ .
O4 = — 0f — [ —— ) 08 t+®o], 49
=l (50) o (59wt @

O RNCORE
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where iy and vy are the velocity components of particles in the normal and tangential
directions to the cell interface. Time averaged numerical fluxes over the time step can be
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calculated from these solutions by putting At/2intot. The slopelimitersasin Eq. (20) are
implemented in order to suppress the numerical instabilities.

3.4. Code Optimizations

There are severa ways of parallelizing the code on SGI Origin2000. The most simple
programming isthe shared-memory based programming of OpenM P[24]. With thismethod,
we parallelize DO loops (for FORTRAN) just as we vectorize them using directives. With
OpenMP, however, optimizationsfor single-CPU performance and for parallel performance
sometimes conflict with each other. Namely, a code modification made for increasing the
single-CPU performance often makes the scal ability between computational speed and the
number of CPUs used for the program execution worse. Therefore, the performance as a
wholeis hard to control.

In the present study, we use MPI (message passing interface) [23] together with domain
decomposition. MPI is based on the distributed-memory concept and the code is free from
cache false sharing, one of the most severe factors that degrade the scalability in parallel
computations. As a result, the scalability of the code is independent of the single-CPU
performance. Therefore, we have better control on the code performance with MPI.

In the program, the global computational area is first divided into the same number
of subdomains as the prescribed number of CPUs. Each CPU then reads the data of its
corresponding subdomain and carries out cal cul ations by communi cating with neighboring
CPUs using MPI library calls.

3.5. Numerical Example

A simple problem of explosion of a square column filled with pressurized dusty gas was
calculated. The initial filling pressure and gas density are both 10 times greater than the
corresponding values outside the column. Theinitial mass concentration of particlesisalso
10 times greater than the gas density outside the column. The physical properties of the gas
and particles are taken to be the same as those used for the one-dimensional calculations
in the previous sections. The numerical results of particle-concentration distributions at
two different moments r = 2 and 5, together with the initia distribution, are shown in
Fig. 6. Although quantitative validations are not made due to lack of experimental data,
it is demonstrated how the particles spread out into the surrounding space. No numerical
instability was observed during the computation, and the numerical results shown in Fig. 6
keep symmetry quite well. Since this is only a sample test problem, the calculation was
carried out using a small humber of 128 x 128 numerical cells. The execution time on
the SGI Origin2000 is 25 seconds with one CPU and 5.7 seconds with eight CPUs for
calculating 70 time steps corresponding to t = 6. The average speed per CPU is 99 Mflops
for single-CPU execution and 88 Mflops for eight-CPU execution. Considering the fact
that the program size is relatively small for eight CPUs to work on, the code performance
is satisfactory. For larger problem size, the relative execution time for the serial part of
the program as well as for the inter CPU communications to that of net flow calculation
decreases and, as a result, both the CPU speed and the scalability of parallel execution
increases.

It is known that the dust-phase equations have an deficiency associated with the as-
sumption that dust particles do not collide with each other. Due to this assumption, no
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FIG. 6. Dust particle concentration of explosion of pressurized square column filled with dusty gas: initial
dust concentration (top); T = 2.0 (middle); r = 5.0 (bottom).

restoring force acts among dust particles and the particle concentration may increase to an
unredlistically high value in a converging velocity field. This could be observed, for exam-
ple, near the wedge surface when oblique shock wave reflections are simulated. When the
particle concentration becomestoo high, another basic assumption of neglecting the particle
volume becomes invalid. It is, therefore, important to be aware of the significance of the
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underlying assumptions and their consequences. Works for improving the code by replac-
ing the assumptions described in Section 2 by reasonable mathematical models are now
being carried out. We have constructed a vertical dusty-gas shock tube at SWRC. It has a
100 x 150 mm cross section and an observation window of 1 m long, so that the whole
nonequilibrium region can be visualized for each experiment. A variety of dusty-gas flow
problems are planned to be investigated using the present numerical code and the experi-
mental facility in order to construct and validate the mathematical models to improve the
numerical code.

SUMMARY

A numerical code for calculating shock wave propagations in dusty gases is devel oped.
The numerical solutions for one-dimensional case is validated with pseudo-stationary so-
[utions. It isfound that the nonequilibrium region extends about 15 times the characteristic
length. Thenumerical codeisextended totwo-dimensional flow problemsusing MPI and the
domain decomposition. The numerical code has satisfactory execution speed and scal ability
for parallel computations.
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